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Abstract— The ability to simulate temperature, dispersion,
and soft-breakdown effects as well as a new o dependence
was added to the Chalmers nonlinear model for high electron
mobility transistor (HEMT’s) and metal semiconductor field-
effect transistor (MESFET’s). DC, pulsed dc, low frequency (10
Hz-10 MHz), RF, and small signal S-parameter measurements
(1-18 GHz) have been made on a large number of commercial
HEMT and MESFET devices from different manufacturers in
the temperature range 17-400 K in order to evaluate the validity
of the model extensions.

I. INTRODUCTION

N THE DESIGN of nonlinear active circuits, harmonic

balance simulations or Volterra series analyzes are very
useful. As the computers running the CAD programs are
becoming more and more powerful and the high precision
measurement instruments are getting less expensive, the need
for accurate device models for high precision simulations is
growing. In the field of nonlinecar modeling of high elec-
tron mobility transistor (HEMT’s) and metal semiconductor
field-effect transistor (MESFET’s) different models have been
presented during the past years [1]-[3].

It is well known that a large signal model extracted from
experimental dc data does not fully describe the transistors’
behavior at RF. For example, there is a discrepancy between
the dc and RF transconductance as well as output conductance
due to temperature and dispersion effects. A common explana-
tion is that traps and surface states in the semiconductor affect
the performance of the device.

These effects should be considered in the design of circuits
like power amplifiers, cryogenic amplifiers, etc. [4]-[9]. Better
large signal models can be extracted if the dc characteristics
are measured by pulsed measurements. If the pulses are kept
short the traps will not affect the device characteristics. The
pulse period should be shorter than the mean life time of the
traps. For cryogenic applications the dc characteristics have to
be made at operating temperature to make the extraction of
accurate models possible.

Soft breakdown, a non destructive drain current breakdown
for high drain voltages, can be observed for some HEMT’s
and MESFET"s. Transistors operating in this region should be
modeled in such a way as to take this into account.
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The purpose of this paper is to extend the Chalmers Model
to account for temperature, dispersion and soft break down
effects.

II. THE MODEL

The equation for the drain-source current in the Chalmers
model is

Iys = Tp(1 + tanh(T)) tanh(a Vg ) (1 + AVas) (1)

U is in general a power series function centred at V), and
with a variable Vg, i.e.,

U = P1(Vgs = Vi) + Po(Ves — Vorr)? + Pa(Vis — Vpre)* - -
)
where I,y is the drain current and V7, the gate voltage at which
the maximum of the transconductance occurs, A is the channel
length modulation parameter and « is the saturation voltage
parameter [3]. As a first approach we choose P; as P, =
9ms/Ipks, Where g, and I, are measured in the saturated
current region. Since the limit of the function 1 + tanh(¥) is
2 then I, should equal or larger than 0.5,/ (1 + AVys).

We found that the model worked well using the first term of
the function ¥ because P; is the only coefficient defining the
transconductance value at V. If the derivative of the drain
current, gp,, is asymmetrical, then 2-3 terms can be added in
V. Note that neither P, nor P affects the transconductance at
Vi P> makes the derivative of the drain current asymmetrical
and P; changes the drain current values at voltages Vg, close
to pinch off. Three terms are enough to handle even such
complicated devices as described in [10] with linear /45 versus
Vs characteristics.

When the device operates in the saturated region, P; and
Vi can be considered constant. If high accuracy at low drain
voltages is important, then the drain voltage dependence of
Py and V},; should be considered or the values of alternatively
Py and Vy, should be extracted from data measured at the
selected bias point. The global behavior of the transistor can
be described by the following expressions for V,;, and Py [11]

Vor(Vas) = Voro + (Vprs — Voro) tanh(aVyy) (3)

Pig 1
P = " ) cosh?(BVa)
1(Vds) PlS l:l + (Pls 1) COShz(BVds):' (4)

where Vo and Viis are Vyy, measured at Vg, close to zero
and in the saturated region. respectively. Pio = gmo/Ipro at
‘as close to zero and B is a fitting parameter (B ~ 1.5a).
We have found for many devices that all coefficients show
the same Vy, dependence as P; thus making it possible to
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redefine ¥ as ¥, [12]

Py ) 1 } °°
Y= 1) =g |- > Pi(Ves—Vpi)' (5
' [ (Pls cosh?(BVy,) ; ts(Ves = Vo) (5)

In the case of large gate and drain voltage swing the
coefficient o can not be assumed constant. For MESFET’s
this dependence is not so strong, but for HEMT’s « changes
rapidly with the gate voltage and this should be modeled in a
proper way. In the approach used by [13], (6), the function «
has a pole at gate voltage Vs = 1/K,,

a=ag/(1 - K4Vg) (6)

Good correspondence between model and measured results
at drain voltages below 1.5 V and at small drain currents
T4 as well as much better behavior in the harmonic balance
simulation can be reached by using the following expression
for «

o = a, + a1l + tanh(v))] €))

where «7 is constant and «, is the residual value of « at
pinch off. For HEMT’s, «,. is usually very small (0.05-0.2).
If (7) is used to model «, smaller values of P; and Py
are achieved. The drain current is greatly influenced at gate
voltages close to pinch off due to the use of this type of
o dependence. A drawback in using a bias dependent ¢, is
that the extraction process becomes more complex. A good
starting point in the extraction process for a and A is to use
the values obtained from the I3.(Vas) characteristics at positive
gate voltages Vg = 0.2-04 V.

III. MEASUREMENTS AND MEASUREMENT SET-UP

We made measurements on a number of samples from dif-
ferent commercial MESFET and HEMT device manufacturers’
in order to investigate how temperature and dispersion effects
influence the devices’ performance. DC- and S-parameters
of the packaged devices were measured in a Maury MT-
950 transistor fixture and in a specially developed microstrip
fixture that we found suitable in the temperature range 17-400
K. In order to avoid moisture building up during the cool
down the transistor fixture was placed in a vacuum box
(=0.001 mBar) and connected to the room temperature part
with short (10 cm) stainless steel cables. A Cryogenics Model
350 Refrigerator was used to cool down the transistors and
a Lake Shore temperature controller for keeping the tem-
perature stable (within 1 degree) during the measurements.
They were usually performed by first cooling down to 17
K and then warming up by using the temperature controller.
A TRL calibration was made inside the cool box. A special
program was written in LabVIEW in order to make correct
calibration, measurements and to store the measured data. A
HP4195A VNA was used for measuring low frequency S-
parameters (10 Hz-500 MHz) of the transistors and a Wiltron
360B for the measurements in the frequency range 0.1-18

INEC32684 (NEC). FHX15FA (Fujitsu), MGF4317D, MGF1404 and,
MGF1303B (Mitsubishi) named NEC3, FHX15, MGF4, MGF14, and MGF3.

respectively. The first three devices are HEMT's and the last two are
MESFET’s.
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Fig. 1. Equivalent circuit of the HEMT.
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Fig. 2. Block diagram of the dispersion measurement set-up.

GHz. The equivalent circuit of the transistor shown in Fig. |
was used to model the packaged transistors. The parasitic
parameters L,, L4, L,, C, etc. were fixed at the values
extracted from the S-parameter measurements at Vg, = 0
V at room temperature. R,, R4, R, were extracted {rom
dc and cold FET S-parameter measurements as a function of
the temperature [14]. The component values of the cold FET
small signal equivalent circuit were extracted by using our
own extraction program MILOU for Macintosh, but similar
results were obtained with MDS (Hewlett-Packard), Scout, and
Microwave Harmonica (Compact Software).

Pulsed dc, RF lower region (10 Hz-10 MHz) and S-
parameter measurements were performed to find the frequency
dispersion of the transconductance and the output conductance
of the device [4]-[8], [15]-[17]. DC-parameters were mea-
sured by using a HP 4145B parameter analyzer. The block
diagram of the pulsed and RF set up is shown in Fig. 2.
The devices are usually pulsed for a short period (1 ys) into
the active region and are then held in the passive (cut-off)
region for the rest of the period (typically 1 ms). In our dc
measurement set up with HP4145B a 5 second pause was used
between each measured trace in order to allow cooling of the
device between the sweeps. The device’s transfer characteristic
dispersion is influenced both by the output conductance and
the transconductance dispersion. A simple way to monitor the
dispersion of g,, only is to use resistors with small resistance
values (Rq1 = 2 Q, Rgo = 0 Q). The connection is working
as a current probe. In this case the gain of the circuit A, is
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and the output conductance dispersion will not influence the
accuracy of the g,, measurement.

Temperature and self heating effects were studied by using
pulsed bias with larger values of the resistances (Rg2 =
47 Q, Ry = 10 Q) in order to prevent instabilities and to
decouple the transistor from the measuring equipment.

IV. DISPERSION MODELING

In Fig. 3(a) and (b) measured frequency dependencies of T4
and g,,, extracted from dc, pulsed, and RF measurements are
presented. The measured difference between the dc transcon-
ductance and the transconductance values, extracted from
pulsed dec, RF and S-parameters was small (about 5-10%) for
most of the new HEMT devices. We noticed a small increase
of the transconductance (2-4%) at high frequencies in some
devices compared with the dc value (FHX15, MGF4317D).
For the MESFET devices we measured we found that the
RF value was always lower than the dc value and that there
were some devices for which the dispersion effects were
quite substantial, i.e., MGF1404 (a decrease of nearly 25%),
Fig. 3(b).

Two approaches were used in modeling the device dis-
persion: analytical, in which the dispersion phenomenon is
incorporated into the equation for the drain current in the large
signal model and an approach, where the equivalent circuit is
extended with components that model the dispersion effect.
The two approaches have both advantages and disadvantages.
The equivalent circuit approach is simpler, since it is easy to
incorporate it into HB simulators, but not so accurate as the
analytical approach.

At operating frequency much lower than one divided by
the trapping time constant (typically in the millisecond range),
the transconductance, g¢,,(w), and the channel conductance,
Glas(w), equal the dc value. At high frequencies, when the
traps are frozen, the transconductance and the channel con-
ductance reach their RF values. Using the formulation in [15],
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(a) Dispersion for MGF1404 from pulsed measurements (b) Dispersion in the peak value of ¢, from RF measurements.

[17] the drain current consists of three parts

Ids,RF [vas(t)v ‘/Tds(t)] = Ids,dc U/Ygs(t)) Vds(t)]
+ AIds[vvgs (t), Vds(t)]
+ Ajds[v'gs(t)y Vdi(t)] (9)

The first term is the quasistatic I-V characteristics of an
ideal dispersionless device. The extra terms are the contri-
butions from the instantaneous transconductance and channel
conductance dispersion. This type of I3 rr dependence can
be modeled with a frequency dependent factor, Pyq4

Py
P = PP |1 —
1 1d 1L[+<Pls

1
— | 10
)coshz(BVds)} (19)

The dispersion effects of the g,,, can be taken into account by
using the frequency dependence proposed in [4]

1

m X — T 5 11
DTG .
This can be incorporated in the model as
Plsrf Plsdc - Plsrf 1
Py = (12a
1 Plsd(‘ Plsdc 1 + (f/ftr)2 )

or in the case of gy, influenced by multiple trapping processes

with different trapping frequencies fir1,. .., firn
P Ploge — Plo o K
Pld — 1srf lsde 1srf Z n 5 (12b)
Plsdc Plsdc 1 1+ (f/ftr,n) .

It is also possible to use a smoother type of frequency
dependencies like

Pld — Plsrf Plsd( - Plsrf Z Kn . (13)
Pl.sdc Plsdc nel COSh(f/ftr‘n)“~
Pisac is the P;; measured at dc for saturation drain

voltages, P ¢ is extracted from the RF measurements and
Jer1v- - Jor,n are the comer frequencies for the dispersion
effects. This approach works well in the frequency domain.
One way to incorporate this dependence directly into a HB
simulator is to treat the dispersion part, P4, as a constant.
Then it is possible to obtain good results in simulating dc
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Fig. 5. Rgs as function of frequency, Vgs = 2.0 V, Vg = 0.0 V.

and RF performance. Another way is to use a time domain
operator, d/dt, in Pj4 similar to the approach used in [16].
The values of the output resistances Rgst = ren + Ra + Rs
were extracted directly from RF data by using an HP 4195A
VNA at 100 MHz and an HP 4145B Parameter Analyzer at
dc, respectively. In Fig. 4 measured dc data and RF data for
two HEMTs, MGF4317D and NEC32684, are shown. The RF
values of the output resistance R4 are much lower than the
dc values for NEC32684. For other HEMT’s, i.e., MGF4317D,
the difference between the RF and dc values is much smaller.
Explanations for this behavior are given in [4], [7], [8], [18].
We believe that the difference between the RF and dc values
of Ras is caused by trapping effects. It is interesting to
see that at high positive gate voltages, when the current is
large, the dc values of Rgs can reach negative values. The
reason for this is self heating. The RF output resistance, Rqst,
decreases monotonically with the increase of the gate voltage,
as described by the model. Negative Rg4s is not observed
at RF, since in small signal S-parameter measurements the
transistor operates under isothermal conditions. Above the gate
voltage, at which the dc values of Rgs Start to increase,
pulsed dc measurements should be made because the self
heating effects can not be neglected. In Fig. 5 the frequency
dependence of the output drain to source resistance Hag
is shown. For some transistors, i.e., MGF1303B, there are
probably two different trapping processes with different corner
frequencies. An RC-series circuit (R, Cy¢) was used to model
the low frequency dispersion of the output conductance. By
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Fig. 6. S-parameters for MGF4317D at 20 and 300 K. Frequency: 1-12
GHz.

adjusting the A values extracted from the dc measurements and
the values of the RC-circuit it was possible to fit simulated to
experimental data for both dc characteristics and S-parameters.
If the frequency dependence of the output conductance is more
complicated and it is important to model this behavior, this
can be done by adding an additional RC circuit in parallel with
another time constant. A problem arising in using this approach
is caused by the fact that in reality R, is bias dependent. At Vi
voltages close to the pinch off, the value of R, is much higher
then the value of R, under active working conditions. Good
correspondence between modeled and measured S-parameters
can be reached by using the following expression for gate
bias dependence of R,

cho

Re = Ry + —po
0t T tanb(9)

where R.q is the minimum value of R, and R, determines
the value of R, at the pinchoff.

A similar approach can be used to model the dispersion
of the transconductance [19], [20]. The charging resistance
R; and source parasitic resistance R, which in reality are
distributed, decrease the value of extrinsic transconductance.
This can be modeled by using a dc and an RF part. For
HEMT’s a noticeable decrease of R, was reported in the
frequency range 1-30 GHz [20], that would lead to an increase
of the RF transconductance. We obtained similar results for
MGF4317D, FHX15, and other HEMT’s. This can be modeled
by adding a parallel branch to R;, R and Cy. The time
constant of this network should correspond to the dispersion
constant of g,,,. We have found that a capacitive representation
is closer to device physics, especially for HEMT’s, because
at high frequencies the contact resistance is shunted by the
2DEG depletion capacitance. As R,y is in parallel with R,,



1668 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL 44. NO. 10, OCTOBER 1996
[ T T T 3 C e MGH4
! i r —&—MGF3 |]
0.5 - . 0.5 o —o—nNEC3 H
- ] = - —»—FHX15 |
o [EEte—pe s o] = ‘
S - ] L ]
2 ° r ]
2 o} -_M 7 >‘:§. 0 :\\‘\‘\\ ]
. ; — : -M §
[ |—=—MGF3 . - 1
-0.5 [ . -0.5 - y
051 —o— NEC3 - r
—x— FHX15 ] L
IR S T SN BN S T P T AN S
0 100 200 300 400 0 100 200 300 400
Temperature [K] Temperature [K]
(a) (b)
Fig 7 (a) V,k, as function of temperature,(b) 13,10 as function of temperature.
150 et 150 [ T T
: ] ; —— MGF4
z i —e—wars ]
[ b r —o— NEC3 i
100 | 3 100 —%— FHX15 |5
o [ |—s—MGr4 3 = : ]
50 | |—=—MGF3 ; 50 [ :ﬁ E
r | —— NEC3 1 F 1
—— FHX15 ] : :
o b v ] o S R S B
0 100 200 300 400 0 100 200 300 400
Temperature [K] Temperature [K]
Fig. 8. The peak value of ¢, as function of temperature. Fig. 9. Ip; as function of temperature.

an increase in the transconductance will be obtained at RF.
The value of C,,+ determines the time constant of the process.

The decrease of the transconductance for MESFET’s can be
described by adding a parallel branch, R,.+ and Cy in series,
between the internal gate and source terminals. At frequencies
higher than the corner frequencies for the dispersion effects
the resistor R,,¢ shunts the input and effectively decreases the
transconductance.

The values of I,x, Pis, Pro. Vpko, Vprs. o. and A were
determined from dc and pulsed dc measurements. A junction
model available in the FET model in MDS (HP) was used to
model C,s, Cgq and forward conduction characteristics of the
HEMT Schottky diode. The extraction process of the model
parameters is described in greater detail in [12]. The most
important and critical moment in the parameter extraction
is the determination of two main models parameters—1I,;
and V,;. It is always possible to obtain a good fit for the
drain current and first harmonic if you use a value of I,
larger than [,,,,x /2. The most common error in the extraction
procedure is to perform the measurements with gate voltages
not high enough to provide information about the maximum
current Ir,,,. Other problems are caused by instabilities in the
transistor, dispersion, and thermal heating. Together with the
noise and errors associated with the measurements this makes
the extraction procedure difficult. We have found it useful
[11] to make power spectrum measurements (PSM), that can
provide information about the parameters of the model (I,
and Vp). Usually the first two harmonics give the necessary

information about V,; and I,,—at V,;. the second harmonic
is at its minimum and the first at its maximum (or close
to it).We have also observed that if the measurements are
performed at gate voltages high enough to give information
about the maximum current. standard fitting programs like
Scout and Kaleidagraph can find satisfactory combinations of
coefficients.

V. MODELING OF THE TEMPERATURE DEPENDENCE

The main parameters of the model—Vpro, Vpks. Lok, Pis,
Prg. A, Vs, R Ry, Cga, Cy—are also temperature de-
pendent. To evaluate this temperature dependence several
transistors from each of the types listed above were measured
in the 17400 K temperature range. The typical measured
S-parameters for MGF4317D at two temperatures 20 K and
300 K are presented in Fig. 6. Temperature changes in model
parameters for ditferent HEMT and MESFET devices in the
temperature range 17-400 K are presented in Figs. 7-13. The
voltages at which we have maximum transconductance, Voko
and Vi, increase linearly at low temperatures, Fig. 7. P,
is almost independent of temperature, Fig. 10(a), because of
the nearly monotonous increase of both g,, and I, Fig. 8,
at low temperatures. The changes of the transconductance are
mainly due to I, increase at cryogenic temperatures. The
largest change we monitored was the increase of the coefficient
Py at cryogenic temperatures, Fig. 10(b). This observation is
very important for circuits operating at low drain voltages,
such as modulators, resistive mixers, etc. It means that it will
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be possible to reduce the power that the local oscillator must
provide for the full drive of a resistive mixer at cryogenic
temperatures. Slight increases of A and «, Fig. 11(a)—(b), for
all transistors are observed at low temperatures.

The forward gate bias voltage at fixed gate current, Fig. 12,
increases at cryogenic temperatures. The changes are almost
linear in the temperature range 200—400 K and can be used as a
thermometer for measuring the channel temperature [18], [21].
At lower temperatures the increase in Vg is not so linear [21].

The source parasitic resistance R, decreases monotonically
at low temperatures, Fig. 13. The changes of the capacitance
Cygs with temperature are very small, approximately 20% in

(a) A as function of temperature. (b) o as function of temperature.

the whole temperature interval 17-300 K and can be modeled
quite accurately with linear functions. The change of the ca-
pacitance Cyq in a normal active bias state is much smaller, ap-
proximately 10% in the whole temperature interval 17-300 K.

Generally in the temperature range 150400 K the changes
of the model parameters with temperature are usually smooth.
These temperature variations can be modeled with good accu-
racy by using linear functions.

P(T) = Py + A1 AT (14)
where P(T) describes the temperature dependencies of the
main parameters. Fy is the parameter value at room temper-
atare, AT = T — Tj is the difference between ambient and
room temperatures. Linear temperature coefficients, A;, for
the main parameters of the measured transistors are presented
in Table 1. To obtain higher accuracy a quadratic term can be
added to the linear equation for temperature variations of the
parameters.

Nearly all measured devices showed some unexpected be-
havior in the temperature range 50-150 K, i.e., a collapse of
the I-V characteristics, significant kink effects, strange shapes
of the transconductance curves, strange shape of I versus Vg,
dependencies at positive gate voltages, etc. All this made the
extraction procedure nearly impossible. At lower temperatares
(17-50 K) the transistor characteristics are smoother and more
predictable performance has been monitored. To make models
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1

TABLE I ,
TEMPERATURE COEFFICIENTS FOR MODEL PARAMETERS (A1 * 103), T, = 300 K
Ipks | Vpks| Vpko|P1s |P10 [A o |Rs [Cgs0
MGF4317D | -1.3 |-2.7 |-1.15]0.2. |-1.6 |-0.2 {-1,01{1.3 0.7
MGF1303 |-1.18}-0.6 |-1.55]10.3 ]-0.67]-0.27]-0.1 0.7 ]0.34
NEC32684 |-1.23]-2.89]-2.0610.7 |[-1.3 |-0.36]-0.73|1.44
FHX15 -0.46{-3.33|-1.45|-1.3 |-1.75|-0.4 |-0.2 {1.08
, TABLE II
MGF4317D: Vg = 2V: 20 K anD 300 K, DEvicE No. 1
T |IpksiVpks | Vpko |P1s |[P10 |B |P2 |P3 [A o | Cgs0 | Cgdo | Cds | Rg [ Rd [ Rs | Rin
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K. fin = 2.5 GHz, P, = 0 dBm, V35 = 2 V.

that can describe transistors behavior in the entire temperature
range 17-400 K seems to be difficult. /

The measured and simulated power spectrum for
MGF4317D at 20 K are compared in Fig. 14 [20], where dots
show the experimental results and lines the modeled ones.
MDS was used for the simulation and the correspondence
is good. Device large signal parameter values at 20 K and
300 K are listed in Table II.

For small signal applications the drain current reduction
caused by thermal heating effects can be neglected in most

Fig. 15. Drain current I3, as a function of drain voltage Vy, for
MGF4317D at 300 K. Vs = —0.8, —0.4, 0.0, 0.4 V.

cases, but for medium and high power applications the dis-
sipated power P, is large enough to heat the transistor to
temperature 7' and thus significantly change the model pa-
rameters [18]

Ty

_ 9(T0)Pd_

[1- 2]

where 6(T)) is the thermal impedance at ambient temperature
Tp. At small power dissipation and constant temperature distri-
bution in the channel the temperature rise AT = 6(T) Py can
be considered linear. The influence of self heating can be found
by interactively solving nonlinear temperature equations at
two temperatures, when thermal impedance 6(T}), temperature
change AT = 1% — Ty and P; are given. This process
is not straightforward, since the interdependence of the self
heating processes and the trap occupancy problem cannot
be independently controlled in a simple way. The problem
cannot be solved by using the most common software packages
available today, such as MDS and Microwave Harmonica.
When an approximate linear solution is possible and trapping
processes are not influenced by the temperature rise, the
change of Iy, at dc can be modeled in these programs through
different model parameter temperature dependencies and in a

s5)
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TABLE III

MGF4317D: Vs = 4 V
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Fig. 16. Measured power spectrum for MGF4317D, P, = 0 dBm.

simpler form this can be expressed as [16]

. Ids
1+ K;P,;

where K, is the thermal constant for the transistor that
summarizes the temperature changes of the different large
signal model parameters influenced by the temperature rise
under the total dissipated power Py = Iy5(t)- Vys(¢). Since the
temperature coefficients of the model different parameters are
very small (in the order of 10~3), this approximation usually
works satisfactorily and can be easily incorporated in a har-
monic balance simulator. Using such an approach it is possible
to obtain information about the transistor temperature changes
due to self heating. A better way to handle this problem is
to define a thermal port where the device temperature is the
analogous voltage across the thermal port and the dissipated
power is the analogous port current. Then an arbitrary thermal
circuit can be constructed externally to the device model {23].

Idstem = (16)

VI. SOFT BREAKDOWN MODELING

For many HEMT devices it is possible to monitor an abrupt
increase of the drain current well below the breakdown by
increasing the drain voltage above some specific threshold V4.
This is especially noticeable at gate voltages close to pinch off.
For some devices this drain current increase is rather smooth,
while for other it is accompanied by a shift of the gate voltage
Vpk, at which the maximum transconductance occurs. Since
the gate current Iy is much lower than the drain current
I4s, the increase is not due to gate breakdown [24]. It can
be attributed to the increase of the positive hole charges in
the substrate, which widens the channel thickness and leads
to an abrupt increase of the drain current. The cause for this
effect is not entirely clear but it can be partly explained with
the trapping effects phenomena. The breakdown phenomenon
is different at dc and RF. The occurrence of RF breakdown is
more usual at higher drain voltages than at dc. Soft breakdown
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Fig. 17. The Chalmers model, simulation results, P, = 0 dBm.

strongly influences the dc characteristics and output power of
the device, therefore the operating point should be carefully
selected. Due to the soft breakdown in some devices the
increase of the drain voltage leads to the decrease of the output
power due. Two approaches for modeling these effects can be
found in [16], [25].

In the first approach a combination of gate and drain
voltages forms a polynomial dependence of the soft breakdown
[16]. By using this procedure it is possible to obtain good
correspondence between simulations and measurements. In
the second approach a linear combination of the gate and
drain voltages forms an exponential dependence of the soft
breakdown [25]. Our investigations of many GaAs and InP
based devices clearly indicate that at gate voltages close to
pinch off this increase of the drain current is very close to the
exponential behavior. At gate voltages closer to the normal
operating condition of a class A amplifier the power of the
exponential function is much lower and the changes of the
I4s are more gradual. At high positive gate voltages the soft
breakdown effect is usually masked by the thermal heating
and the device comes easily to the thermal breakdown. For
soft breakdown modeling we therefore consider it preferable
to use the exponential approach with some modifications. In
our model the drain current equation is extended with a new

term L

Iys = i (1 + tanh(¥)) tanh(aVys) (1 + AVas + L) (17)

Lsy = Lapo[exp(Lsar Vage + ) — 1] (18)
V s K T, Vs
Vige = _‘1_..7_'“_3___%_ (19)
tr
Lsdl = Lcll(1 - Lglvgs) (20)

where Lgpo and Lgqi. are the coefficients matching the drain
current dependencies and Vg is a normalized coefficient that
combines the gate and drain voltages. If higher accuracy is
needed more terms can be added to (18).

In Fig. 15 modeled and measured results for I4s versus Vg
for MGF4317D at 300 K are shown. Equation (7) is used to
describe the o dependence of the gate voltage. Soft breakdown
and self heating are included in the model (17)—(20). Device
parameters are listed in Table III. Measured and modeled PSM
for this device are shown in Figs. 16 and 17, respectively. The
maximum output power is 18 dBm and the difference between
measured and simulated first harmonic is less than 0.4 dB. The
global mean error for the higher harmonics is less than 3 dB.
Fig. 18(a) and (b), which show cross sections of the global
PSM spectrum, visualise this in greater details.

Simulated and experimental PSM as functions of Vg, are
shown in Fig. 18(b) for the HEMT and Fig. 19 for the MES-
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FET. Similar results were obtained for many MESFET’s
and HEMT’s. These power spectrums show very clearly the
influence of the gate voltage dependence on «, especially
at low drain voltages. If « dependence is not included in
the HEMT model, simulated power at higher harmonics will
be wrong at low drain voltages and the picture will be
similar to the power spectrum results obtained for the MES-
FET (Fig. 19). In the power spectrum of the MESFET there
is a local maximum at the second harmonic at low drain
voltages and dips for the 3rd and 4th harmonics. This can
be obtained in the simulation by taking o as a constant.
HEMT’s, on the other hand, need to be modeled with a
gate voltage dependent «. This leads to a power spectrum
where the third harmonic increases monotonously at low drain
voltages.

If the soft breakdown is not included in the model it is not
possible to predict the output power maximum at Vg, = 4
V [Fig. 18(b)] and the output power decrease when the drain
voltage is further increased. As it is shown in Figs. 18 and 19
the correspondence with the experimental data is quite good
especially for the first harmonic.

The difference between the simulated and experimental data
for the higher harmonics at high drain voltages can be partially
explained by the existence of a “kink” effect in the transistor.
This effect has not yet been included in the model. Another

spectrum as function of drain,voltage for MESFET °

= 4.0 V. (b) Power spectrum as function of drain voltage, Vs = 0 V.

reason for the difference is that for simplicity we used only
one term (Lg;) in the soft breakdown model.

VII. CONCLUSION

" Temperature, dispersion, and soft breakdown effects found
in HEMT’s and MESFET’s were investigated in the temper-
ature range 17-400 K. We have shown that it is possible to
extend the Chalmers nonlinear model with the ability to model
these effects. A new function for the o parameter has also
been added to the model. The model extensions give a good
correspondence between measurements and simulations.
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